The evolution of Photosystem II changed the history of life by oxygenating the Earth's atmosphere. 20
Introduction 1

Geochemical evidence for photosynthesis 2
Anoxygenic photosynthesis was well stablished by 3.5 Ga. This is demonstrated by both 3 sedimentological and isotopic evidence for photoautotrophic microbial communities recorded in 4
Paleoarchean rocks (Tice and Lowe 2004; Nisbet and Fowler 2014; Butterfield 2015) . In addition, 5 sedimentary rocks and banded iron formations from Isua, Greenland, hint at the presence of 6 photosynthetic bacteria in the marine photic zone as early as 3.7-3.8 Ga (Schidlowski 1988 ; Rosing 7 1999; Rosing and Frei 2004; Grassineau, et al. 2006; Czaja, et al. 2013; Knoll 2015) . There is 8
consensus that during most of the Archean, the world was largely anaerobic with oxygen 9 concentrations staying below 10 -5 of present atmospheric levels (Lyons, et al. 2014 ). Only about 2. 4 10 Ga did atmospheric oxygen concentrations increase by several orders of magnitude (Bekker, et al. 11 2004) to about 10 -2 to 10 -1 of current levels; this point in time is known as the Great Oxidation Event 12
(GOE) and sets a firm constraint on the minimum age for the evolution of oxygenic photosynthesis 13 (Lyons, et al. 2014; ). However, the origin of oxygenic photosynthesis still remains 14
controversial. There is much evidence for local oxygen 'oases' in the late Archean record, possibly 15 going back to 3.0 Ga (Riding, et al. 2014 ), but it has been reported that oxygen was present in 16 sedimentary deposits as old as 3.7 Ga based on redox-sensitive trace elements (Rosing and consensus from geochemical evidence that anoxygenic photosynthesis originated in the early 19 Archaean, there is much greater uncertainty for the origin of oxygenic photosynthesis. It is clear 20 however that the emergence of photosynthesis before 3.5 Ga means that the origin of photochemical 21 reaction centers must predate this date. 22 
23
Molecular evolution of Type II reaction centers 24
Here we wish to highlight several aspects of the evolution of anoxygenic and oxygenic photosynthesis 25 that can be elucidated from a careful inspection of the phylogeny of the reaction center proteins, when 26 considered in a structural context. Chief among these aspects is that the transition from anoxygenic to 27 oxygenic photosynthesis must have initiated when an ancestral Type II reaction center evolved the 28 capacity to oxidize water to oxygen (Michel and Deisenhofer 1988; Rutherford 1989 ). Today, water 29 oxidation is catalyzed by the Mn 4CaO5 cluster of Photosystem II (PSII) of Cyanobacteria and 30 photosynthetic eukaryotes. Therefore, a complete scenario for the origin of oxygenic photosynthesis 31 must explain how and when Type II reaction centers diversified and how and when one of these 32 reaction centers evolved the Mn4CaO5 cluster. The evolution of Type II reaction center proteins has 33 been described and discussed in some detail before (Beanland 1990 ; Nitschke and Rutherford 1991 ; 34 Blankenship 1992; Rutherford and Nitschke 1996; Sadekar, et al. 2006; Cardona 2015 Cardona , 2016 and it is 35 schematized in fig. 1A . 36 Figure 1A illustrates that the core subunits of PSII, D1 and D2, and the core subunits of the 1 anoxygenic Type II reaction centers, L and M, share a common origin (Beanland 1990) . That is to say 2 that D1, D2, L and M, all descended from a single protein. This ancestral protein is denominated II in 3 fig. 1A . However, D1 and D2 share between each other significantly more sequence identity than 4 either of them share with L or M, and this is reflected in greater structural identity between D1 and 5 D2. The same is true the other way around, L and M share between each other significantly more 6 sequence identity than either of them does with D1 or D2, and this is accordingly translated into 7 greater structural similarity between L and M (Fig. 1) . Thus, the ancestral core protein II diversified 8 into two forms, one ancestral to D1 and D2, and the other ancestral to L and M. The ancestral protein 9 to D1 and D2 is denominated D0 in fig. 1 . The ancestral protein to L and M is denominated K. Hence, 10 D1 and D2 originated from a gene duplication event and makes a monophyletic clade of Type II 11 reaction center proteins, distinct from that which gave rise to L and M. 12 It is worth noting that the monophyletic relationship of D1 and D2 implies that PSII core 13
proteins cannot be derived from L and M proteins, and thus Cyanobacteria could not have obtained 14
Type II reaction center proteins from Proteobacteria or Chloroflexi. From fig. 1A it is clear that the 15 evolutionary event that led to the divergence of D0 and K, marked 2, predate the diversification event 16 that led to the divergence of L and M, marked 4 and 5. In other words, while D1 and D2 share 17 common ancestry with L and M, the former did not originate from the latter, instead both families 18 evolved in parallel. This was first noted by Beanland (1990) and it is corroborated by more detailed 19 phylogenetic studies that integrate structural and functional comparisons of the reaction center 20 proteins, see for example Sadekar, et al. (2006) . A first corollary of the early divergence of D0 and K 21 is that the most ancestral Type II reaction centers were homodimeric: thus, a homodimeric reaction 22 center made with subunit K was ancestral to the anoxygenic Type II reaction centers, and a 23 homodimeric reaction center made of D0 was ancestral to PSII. A second corollary is that the 24 ancestral Type II reaction center, made of a homodimer of ancestral protein II, cannot be described as 25 being more similar to L or M, than to D1 and D2. For this reason and rather counterintuitively, there 26 is no phylogenetic evidence against the possibility that the most ancestral Type II reaction centers (II) 27 were capable of water oxidation. Furthermore, a third corollary that has not yet been fully appreciated, 28 but was recently pointed out by Cardona (2015) , is that the divergence of D1 and D2 (2) is likely to 29 have predated the evolution of Chloroflexi-type and Proteobacteria-type L and M proteins (5) . 30 However, this third corollary cannot be corroborated until a study of the rates of evolution of the 31 distinct reaction center proteins is carried out. 32
33
Molecular evolution of Photosystem II core proteins 34
In order to talk precisely about the evolution of oxygenic photosynthesis at a particular point in time 35
relative to the diversification of the domain, Bacteria, it is necessary to define the last common 36 ancestor of Cyanobacteria. Here we define the last common ancestor of Cyanobacteria as the most 37 recent ancestor between the genus Gloeobacter, the earliest branch in the cyanobacterial tree of life, 1 and all other extant strains; excluding the recently described non-photosynthetic Melainabacteria 2 (Soo, et al. 2014) . Under this definition, the last common ancestor of Cyanobacteria was already 3 capable of efficient oxygenic photosynthesis because it had a PSII able to coordinate a Mn4CaO5 4 cluster virtually indistinguishable from that of extant Cyanobacteria . This is 5 based on the observation that even the earliest diverging Cyanobacteria, the strains of the genus 6
Gloeobacter (Honda, et al. 1999 ; Sanchez-Baracaldo, et al. 2005; Blank and Sanchez-Baracaldo 2010; 7 Shih, et al. 2013 ), encode in their genomes a standard set of genes for the assembly of PSII 8 (Nakamura, et al. 2003; Saw, et al. 2013 ) and can oxidize water by a mechanism identical to those of 9 later evolving strains (Koyama, et al. 2008) . 10
The Mn4CaO5 cluster of PSII is coordinated mainly by the D1 protein (Nixon and Diner 11 1994; Ferreira, et al. 2004 ), which provides seven ligands to the cluster ( fig. 2 ). The structure of the 12 cluster has been resolved in detail by Umena, et al. (2011) and Suga, et al. (2015) . Among reaction 13 center proteins D1 has the most complex evolutionary history, which was described in detail by 14 Cardona, et al. (2015) and is schematized in fig. 1B . At least five different well-defined types of D1 15 have been identified. The early evolving forms, referred to as atypical D1 forms, are characterized by 16 the absence of some of the ligands to the Mn4CaO5 cluster. There are three distinct groups of atypical 17 forms: the earliest evolving D1 retained in the genome of Gloeobacter kilaueensis (G0 in fig. 2 ) 18 , super-rogue D1 (Murray 2012) or chlorophyll f synthase (G1) (Ho, et al. 19 2016), and the rogue D1 (Murray 2012) or sentinel D1 (G2) (Wegener, et al. 2015) . It is noteworthy 20 that Ho, et al. (2016) proposed that chlorophyll f synthase is a homodimeric reaction center made of a 21 pair of super-rogue D1, this would fit with the idea that early Type II reaction centers were indeed 22
homodimeric. 23
The late evolving forms of D1, also referred to as the standard D1 forms, are characterized by 24 having a complete ligand sphere for the Mn4CaO5 cluster and can be subdivided into two groups: the 25 microaerobic form of D1 (G3) expressed under low oxygen concentrations (Sicora, et al. 2009 ) and 26 the dominant form of D1 (G4), which is present in the genome of all Cyanobacteria and 27 photosynthetic eukaryotes with PSII and it is the main form of D1 associated with water oxidation 28 catalysis. Previous phylogenetic studies seemed to suggest that the microaerobic form (G3) branched 29 out before the dominant form of D1 (G4) diversified . Remarkably, a water-30 splitting PSII with a microaerobic form of D1 is more efficient and robust than a PSII with a dominant 31 form of D1 under low-oxygen concentrations (Crawford, et al. 2016 ). This observation may suggest 32 that the dominant form of D1 evolved as a response to increasing oxygen concentrations within the 33 cell and the environment . 34 Both the phylogeny of D1 proteins and the ancestral traits retained in the atypical D1 35 sequences suggest that these atypical forms might have branched out at different stages during the 36 evolution of water oxidation but prior to the evolution of the standard forms of D1. In this way, it can 37 be deduced from the available sequence data that the Mn4CaO5 cluster reached its current 1 configuration (Umena, et al. 2011) , at least in the ancestral state of D1 before the divergence of the 2 microaerobic (G3) and dominant forms (G4). 3
The phylogeny of D1 is also characterized by an extensive number of duplication events 4 occurring at every taxonomic level , some of which are ancient and gave rise to 5 the atypical forms, but many of which are much more recent. Therefore, every cyanobacterium with 6 multiple psbA genes can carry several identical copies encoding identical D1 subunits, which are the 7 result of recent gene duplications, and copies with different degrees of divergence, which are the 8 result of more ancestral duplication events. The phylogeny of D1 also shows that every 9 cyanobacterium with PSII has at least one psbA gene encoding a dominant form of D1 (G4). For 10 example, Gloeobacter kilaueensis has a genome with six psbA genes, five encode dominant forms 11 (G4), three of these five have identical amino acid sequences, while the other two show some level of 12 sequence divergence. The sixth gene encodes a unique atypical sequence, designated here G0. In 13 contrast, Gloeobacter violaceous lacks the atypical sequence but has the other five D1 sequences. 14 Another example is Chroococcidiopsis thermalis, which has in its genome six different psbA genes, 15
four encoding different dominant forms of D1 (G4), in addition to a rogue D1 (G2) and a super-rogue 16 D1 (G1) with chlorophyll f synthase activity (Ho, et al. 2016) . 17 Altogether, the distribution and phylogeny of D1 proteins indicate that the last common 18
ancestor of Cyanobacteria already carried in its genome a dominant form of D1 (G4), which implies 19 that the gene duplication events that led to the origin of the microaerobic form of D1 (G3) and the 20 atypical sequences (G0, G1, G2) predated this last common ancestor and the diversification of crown 21 group Cyanobacteria . The phylogeny of D1 shows that the last common 22 ancestor of Cyanobacteria existed at a very advanced stage in the evolution of oxygenic 23 photosynthesis and PSII water oxidation. If so, how long did it take for an ancestral Type II reaction 24 center to evolve into the sophisticated water-oxidizing photosystem inherited by Cyanobacteria and 25 photosynthetic eukaryotes? 26 
27
The ancestral photosystem prior to the divergence of D1 and D2 28
As a result of the monophyletic relation of D1 and D2 and the conserved structural and functional 29 characteristics between these proteins, it is possible to reconstruct with confidence some of the traits 30 of the ancestral photosystem. These conserved characteristics, present in both D1 and D2, but absent 31 in L and M, strongly suggest that the ancestral homodimeric photosystem, made of a D0 dimer, had 32 most of the traits known to be associated with the highly oxidizing potential of standard PSII and 33 Four structural domains differentiate D1 and D2 from L and M ( fig. 2A ). These are: 1) the N-36 terminus, which is essential for the efficient disassembly and repair of these subunits upon 37 photodamage, which occurs by a mechanism that is identical for D1 and D2 ; 1 Krynicka, et al. 2015) . 2) A segment between the 1 st and 2 nd transmembrane helices, which is required 2 for protein-protein interactions with the small subunits and the extrinsic polypeptides (Cardona 2015 (Cardona , 3 2016 ). The small subunits are required for assembly and stability of the complex and none of them is 4 present in anoxygenic reaction centers (Dobakova, et complex, assembly, repair, and photoprotection. The strong inference that can be made from these 13 structural characteristics is that before the divergence of D1 and D2, the ancestral photosystem was 14 already undergoing evolutionary changes to support water oxidizing chemistry and to deal with 15 radical oxygen species. 16 Further evidence for water oxidation prior to the divergence of D1 and D2 can be observed at 17 the sequence and cofactor level. A redox tyrosine-histidine pair is conserved in both D1 and D2, this 18
demostrates that the P/P +• chlorophyll redox pair in this ancestral photosystem was able to generate which are in place to prevent the formation of singlet oxygen. Conserved tyrosine residues on both D1 28 (Y246) and D2 (Y244), which provide hydrogen bonds to the bicarbonate ligand of the non-heme iron 29 (Umena, et al. 2011) , suggest that this was present in the ancestral homodimeric photosystem, made 30 of D0, fig. 2C . The binding of bicarbonate has now been shown to modulate the potential of the 31 quinones as a protective mechanism against singlet oxygen formation (Brinkert, et al. 2016 ). It can be 32 concluded that the ancestral photosystem made of D0 was able to oxidize water accompanied by the 33 unavoidable production of radical oxygen species, which then required the innovation of protective 34 measures. It is plausible that the ancestral photosystem oxidized manganese and coordinated a 35 primordial catalytic cluster. From this it follows that the heterodimerization process of D1 and D2, 36 culminating with the appearance of the standard form of D1, was consequently a path to optimization 37 of: 1) water oxidation efficiency ), 2) photoprotective mechanisms against 1 radical oxygen species (Krieger-Liszkay, et al. 2008), and 3) photoactivation of the Mn4CaO5 cluster, 2 assembly, and repair of the protein complex in the presence of oxygen (Nixon, et al. 2010 ; Nickelsen 3 and Rengstl 2013). 4 
5
Reformulating the evolution of oxygenic photosynthesis 6
Prior to the evolution of the standard form of D1 several stages in the evolution of oxygenic 7 photosynthesis can be envisaged: the earliest of these stages is the divergence of Type I and Type II 8 reaction center proteins (1, fig. 1A ); this is then followed by the divergence of the anoxygenic family 9 (L/M) and oxygenic family (D1/D2) of Type II reaction center proteins (2) , then by the duplication 10 event that led to the divergence of D1 and D2 (3), and the subsequent (7) gene duplication events and 11 specializations that created the known diversity of D1 forms, which ultimately resulted in the 12 emergence of the dominant form of D1 (G4) that characterizes PSII. If D0 was able to support water 13 oxidation chemistry, then the earliest stages in the evolution of oxygenic photosynthesis occurred 14 between stages 2 and 3 as depicted in fig. 1A . 15 The evolution of oxygenic photosynthesis can be conceptualized from the molecular protein (Cardona 2015) . In consequence, the rate of evolution of D1 and D2 since the GOE, as 25 estimated from the decrease of sequence identity (<1% per 0.1 Ga), is too slow to account for the 26 evolution of photochemical reaction centers under any circumstances ( fig. 3 , dashed line). In other 27 words, any scenario for the origin of photochemical reaction centers in the Archaean requires initially 28 faster rates of evolution than in the later stages. 29 
30
Bayesian relaxed molecular clock analysis 31
While the simple approach used above indicates that the divergence of D1 and D2 must be placed 32 well before 3.0 Ga, it is possible to make further inferences on the evolution of oxygenic 33 photosynthesis by applying a relaxed molecular clock approach to the phylogeny of Type II reaction 34 center proteins and from the resulting rates of evolution. Fig. 4 shows a Bayesian relaxed log-normal 35 autocorrelated molecular clock built using the CAT + GTR + Γ model allowing for flexible 36 boundaries on the calibration points (Lartillot, et al. 2009 ). We specified the age of the root (root 37 prior) at 3.5 Ga with a standard deviation of 0.05 Ga. Under these conditions, the last common 1 ancestral protein to the standard form of D1 prior to the divergence of the G3 and G4 types ( fig. 4 , 2 green dot) is timed at 2.19 ± 0.22 Ga. On the other hand, D0 ( fig. 4 , orange dot) is timed at 3.22 ± 3 0.19 Ga. It follows then that the difference in time between D0 and the first standard form of D1, ΔT, 4 is 1.02 Ga. 5 Table 1 shows estimates of divergence times of key ancestral Type II reaction center proteins 6 and the respective ΔT value using different root priors. It can be seen, for example, that under the 7 assumption that Type I and Type II reaction center proteins had already diverged 3.8 Ga ago, ΔT is 8 found to be 1.17 Ga. Similarly, if the origin of photosynthesis is assumed to be a late event centered at 9 3.2 Ga, though unlikely, ΔT is still 0.90 Ga. These patterns show that regardless of the exact timing of 10 the origin of photosynthesis, the evolution of oxygenic photosynthesis is extremely unlikely to have 11 been a sudden event occurring in a few million years prior to the GOE. 12
Relaxing the boundaries on the calibration points by increasing the standard deviation on the 13 root prior pushes the timing of the earliest events in the evolution of Type II reaction center to even 14 older ages rather than younger ages (supplementary table S3 have suggested that the last common ancestor of Cyanobacteria might predate the GOE 28 (Schirrmeister, et al. 2015 ), so we also performed a similar analysis that allowed us to explore this 29 scenario. This was only achieved by the application of less flexible boundaries under an empirical 30 amino acid substitution model (LG + Γ). We found this to be the only way to locate the D2 of G. 31 violaceous and the dominant form of D1 (G4) before the GOE. The effect of less flexible boundaries 32 on the estimated divergence times is shown in table 1. Assuming a root prior of 3.5 ± 0.05 Ga, the 33 estimated divergence time for the standard form of D1 becomes 2.64 ± 0.15 Ga and pushes D0 back 34 to 3.40 ± 0.09 Ga, making ΔT 0.77 Ga. On the other hand, if we allowed flexibility on the root prior 35 by increasing the standard deviation to 0.4 Ga (supplementary table S3), the estimated divergence 36 time for the standard form of D1 becomes 2.83 ± 0.21, but the estimated age of the root is pushed 37 back to 3.92 ± 0.21 Ga with D0 at 3.79 ± 0.21, making ΔT 0.96 Ga. Overall, placing the last common 1 ancestor of Cyanobacteria before the GOE pushes the gene duplication event that led to the 2 divergence of D1 and D2 even closer to the origin of Type II reaction centers. 3 
4
Rates of evolution 5 Figure 3 suggests that the rates of evolution had to be faster at the initial stages than in the 6 Proterozoic, even when ΔT is as large as 1.0 Ga. To have a better understanding of the changes of the 7 rate of evolution of Type II reaction center proteine we plotted the rates as a function of divergence 8 time. The rates are generated from the molecular clock analysis as described in Lepage, et al. (2007) 9 and references therein. 10 Figure 5A plots the rate of evolution (ν) of each node in the tree, expressed as amino acid 11 substitutions per site per unit of time, against the estimated divergence time for each respective node. 12
It can be clearly seen that the rate at the earliest stage is much faster than the rates observed since the 13 Proterozoic. What is remarkable is that this is true even if the origin of Type II reaction centers is 14 assumed to be 4.2 Ga, as seen in fig. 5B . The decrease in the rate of evolution is consistent with the 15 observations derived from fig. 3 and appears to approximate a first-order exponential decay curve 16 (supplementary table S4) . Fig. 5A additionally shows that L and M have been evolving at a slightly 17 faster rate than D1 and D2. From this slow-down of the rates of evolution it can be calculated that 18 since each respective duplication event (2 and 4 in fig. 1 ) it took about 168 million years for D1 and 19 D2 to fall to 50% sequence identity and about 115 million years for L and M. 20
The maximum rate of evolution in the D1 and D2 family of reaction center proteins is placed 21 at the node that represents D0. We will refer to this rate as ν max. Fig. 5A shows that the rate of 22 evolution flattens out at comparatively slow rates during the Proterozoic. These rates correspond to 23 the rates of Group 4 D1 and D2. We will refer to the average rate of evolution during this zone of 24 slow change as νmin. The average rate νmin is thus defined as the average rate from each node in Group 25 4 D1 and D2. In fig. 5A , νmax is 5.03 amino acid substitutions per site per Ga, while νmin is 0.12 26 substitutions per site per Ga. Under the assumption that reaction centers had evolved by 3.5 Ga, these 27 rates indicate that to account for the divergence of D1 and D2 in one billion years (ΔT), the initial rate 28 of evolution had to be about 40 times larger than that observed since the last common ancestor of 29
Cyanobacteria. For a comparison of rates of evolution of diverse proteins see table 2. 30
A fast rate of evolution at the earliest stage implies that νmax must increase if ΔT is smaller, as 31 shown in Fig. 5B and 5C. The decrease in ΔT can only be obtained computationally by making the 32 root prior younger, which correspondingly forces all nodes to younger ages. The increase of νmax with 33 decreasing ΔT obeys a power law-function (supplementary table S5 ). For example, if ΔT is twenty 34 times smaller; that is, if the divergence of D1 and D2 occurred in only 50 Ma, then νmax had to be 35 many times larger, in this case 483.83 times larger than νmin as calculated by extrapolating from fig.  36 5C. In simple terms, if D1 and D2 diverged in 50 Ma the initial rate of evolution had to be 2443 37 amino acid changes per site per Ga, which would be comparable to the rate of evolution of some 1 viruses, see table 2. Taking into consideration that reaction center proteins and many other proteins of 2 importance in bioenergetics have changed little for billions of years, some as old as the last universal 3 common ancestor (Weiss, et al. 2016 ), a virus-like rate of evolution seems quite improbable. 4 Therefore, it is quite unlikely that the divergence of the core proteins of PSII was a sudden or very 5 rapid event. 6 7
Sensitivity analysis 8
To test the robustness of the method we explored a range of contrasting models. We compared the 9 effect of the model of relative exchange rates on the estimated divergence times. In contrast, the choice of model for the evolution of substitution rates had a strong impact on 26 the estimated divergence times (supplementary fig. S3 and table S8 ). Fig. 6C shows divergence time 27
estimates of a tree calculated using a relaxed log-normal autocorrelated molecular clock plotted 28 against a tree calculated using an uncorrelated gamma model on the rates of evolution. The 29 autocorrelated model assumes that close branches are more likely to evolve at a similar rate, while the 30 uncorrelated model assumes that the rate of evolution of each branch can vary independently (Lepage, 31 et al. 2007; Ho and Duchene 2014) . Under the uncorrelated model the estimated divergence times of 32 many nodes were aberrantly shifted to younger ages: for example, most cyanobacterial and eukaryotic 33 D1 clustered in the range of 700 to 0 Ma, which is inconsistent with the fossil record, and results in 34
ΔT values of about 2.0 Ga. The molecular reason behind this difference may be related to the fact that 35 photochemistry imposes strong constrains on the evolution of reaction center proteins. As all of them 36 must coordinate and maintain all redox cofactors, chlorophylls, quinones, carotenoids, and a non-37 heme iron, at a precise orientation and distance from each other to allow for control of electron 1 transfer rates and redox potentials. These rates and potentials are crucial not only for function but also 2 for protection against the formation of radical oxygen species (Cardona, et al. 2012; Rutherford, et al. 3 2012) . It seems reasonable then, that the rates of evolution of all Type II reaction center proteins 4 should be, to some extent, similar, and even more so among closely related groups, thus 5
corresponding to an autocorrelated model. 6 7 Discussion 8 A complete scenario for the origin and evolution of oxygenic photosynthesis needs to account for the 9 evolution of Type II reaction centers and in particular, D1 and D2, the core subunits of PSII. Our 10 results indicate that the evolution of oxygenic photosynthesis cannot be described as a rapid event 11
happening within a few million years before the GOE. Our results suggests that the evolution of 12 oxygenic photosynthesis is better described as a long process, spanning nearly a billion years, and 13 starting soon after the origin of the first photochemical reaction centers in ancestral populations of 14 bacteria. 15 
16
Change in sequence identity as a function of time 17
As an approximation to the evolution of the core subunits of PSII we plotted the level of sequence 18 identity of D1 and D2 as a function of known divergence times ( fig. 3) . From this plot two main 19 characteristics of the evolution of photosynthesis can be defined. Firstly, the three earliest stages in 20 the evolution of photochemical reaction centers: 1) the divergence of Type I and Type II reaction 21 centers, 2) the divergence of anoxygenic and oxygenic families of Type II reaction center proteins, and 22
3) the divergence of D1 and D2, were more likely to have occurred near the origin of photosynthesis 23 rather than near the GOE. Taking into consideration that there is strong evidence for photosynthesis at 24 3.5 Ga, then these three stages could well predate this time. In addition, if photosynthesis is confirmed 25 at 3.8 Ga, then the occurrence of these three events must, consequently, be pushed further back in 26 time accordingly. Secondly, the last common ancestor of Cyanobacteria is more likely to have lived 27 around the time of the GOE rather than shortly after the origin of photosynthesis. This common 28
ancestor must have had a dominant form of D1 (G4), which places it relatively far after the origin of 29 photosynthesis. The early divergence of D1 and D2 implies that the earliest stages in the evolution of 30 oxygenic photosynthesis may predate the last common ancestor of Cyanobacteria by about 1.0 Ga. 31
32
Bayesian relaxed molecular clock analysis 33
The application of a molecular clock to the phylogeny of Type II reaction centers is strongly 34 constrained by evidence of photosynthesis at 3.5 Ga, by the GOE at 2.45 Ga, and by the relatively 35 slow rate of evolution of D1 and D2 for at least 2.0 Ga. These constraints could be in question if: 1) 36 the geochemical evidence for photosynthesis in the early Archaean is the result of abiotic processed or 37 geological artifacts, 2) the GOE has an entirely abiotic cause, and 3) photosynthetic eukaryotes 1 radiated at a much earlier time, in the Archaean instead of the Proterozoic. However, given the current 2 state of knowledge these three opposing alternatives not only appear improbable, but also 3 contradictory. 4
The application of those strong constraints listed above on the molecular phylogeny of Type 5 II reaction centers revealed that the divergence of D1 and D2 must be a long process traceable to the 6 earliest events in the history of photosynthesis, as sown in fig. 3 . We highlight this long process by 7 introducing the concept of ΔT, which defines two specific points in time in the evolution of D1 and 8 D2. The magnitude of ΔT is dictated by the phylogenetic distance between D1 and D2 and their rate 9 of evolution derived from the geochemical and fossil constrains. Therefore, it is not surprising that 10 under most reasonable models employed in this analysis ΔT is always in the range of 1.0 Ga. 11
We have considered two possible evolutionary scenarios that are both consistent with a large 12
ΔT. In the first scenario the standard forms of D1 start to diverge at about 2.4 Ga, as seen in fig. 4,  13 and diversify into G3 and G4 after the GOE. If we consider that the last common ancestor of 14
Cyanobacteria had a G4 D1, this would set it after the GOE. This scenario, derived from the 15 application of a relaxed molecular clock using a non-parametric CAT model with flexible boundaries, scenario, under a root prior of 3.5 Ga, the appearance of the ancestral standard form of D1 is set at 25 about 2.6 Ga. An age for a standard form of D1 of 2.6 Ga has the consequence of pushing the 26 divergence of D1 and D2 closer to the root, and thus it is set at about 3.4 Ga (table 1). What can be 27 concluded from this is that the older the last common ancestor of Cyanobacteria is, the more likely it 28 is that the divergence of D1 and D2 occurred near the origin of photochemical reaction centers and 29 thus, near the origin of photosynthesis. 30
In addition, the relaxation of the root prior constraints by increasing the standard deviation, 31 invariably results in older estimated ages for the root (supplementary table S2 ). This result implies 32 that it is more likely that photochemical reaction centers originated significantly before 3.5 Ga than 33 after this time, which is consistent with the detection of 13 C-depleted organic carbon in 3. . This is designated 'the duplication hypothesis'. 9
The HGT hypothesis implies that the two distinct reaction centers diverged in distinct phyla 10 of bacteria and were transferred to an ancestral non-photosynthetic cyanobacterium before the 11 evolution of water oxidation. The issue with this hypothesis is that it is inconsistent with the evidence 12 for the molecular evolution of photochemical reaction centers, which shows that the core subunits of 13 PSI and PSII branched out before the diversification of the anoxygenic reaction center proteins 14 From fig. 4 it is concluded that the divergence event, marked II, predated the diversification 24 events that led to the divergence of L and M, and also the divergence of this pair into Proteobacteria-25 type and Chloroflexi-type core proteins. Similarly, event II also predated the diversification events 26 that led to the divergence of D1 and D2, and all the variety of D1 proteins found in Cyanobacteria. It 27 follows then that event II had to have occurred before the diversification of the phyla Proteobacteria, 28
Chloroflexi, and Cyanobacteria. Put another way, the phyla known to have Type II reaction centers 29
had not yet diversified during the earliest events in the evolution of photosynthesis, when the ancestral 30 reaction centers first diversified into Type I and Type II, and the subsequent gene duplications that 31 resulted in the ancestral forms of L, M, D1, and D2. In agreement with these observations, an 32 independent study performed by David and Alm (2011) identified a period of genetic innovation that 33 coincided with a rapid diversification of the major bacterial lineages and the birth of a quarter of 34 modern gene families. This period, between 3.33 Ga and 2.85 Ga, which the authors referred to as the 35 Archaean Expansion, was suggested to be linked to the "bioavailability of oxygen", and was 36 supported by the ancient origin of what the authors referred to as: "the basic genetic components 37 required for oxygenic photosynthesis and respiration". Our results put the divergence of D1 and D2 at 1 3.22 Ga and that of L and M at 2.87 Ga, which as we have seen, requires that the split between the 2 anoxygenic and oxygenic branches of Type II reaction center proteins, event II, occurred by 3.5 Ga. It 3 is worth noting that 3.5 Ga is likely to be a conservative estimate for the origin of photosynthesis. If 4 photosynthesis is considerably older, say 3.8 Ga (Schidlowski 1988 with water oxidation evolving quickly before the GOE. Our results-which traced the evolution of the 29 core subunits that allow the oxidation of water-show that not only is it unlikely that Cyanobacteria 30 obtained photosynthesis via horizontal gene transfer, but it is also unlikely that the divergence of D1 31 and D2 from ancestral anoxygenic Type II reaction center proteins occurred rapidly just before the 32 GOE. This leads to the conclusion that the origin of the Melainabacteria is more likely to have been 33 initiated after ancestral losses of oxygenic photosynthesis. 34
The early evolution of photosynthesis as suggested by the geochemical record and the data we 35 report here is consistent with photoautotrophy being an ancestral trait of early evolving bacteria and 36 implies that the loss of it might be a derived trait in many phyla of bacteria. It is sometimes argued 37 that the loss of photosynthesis is unlikely due to the scattered distribution of reaction center proteins 1 across the bacterial tree of life (Xiong, et al. 1998 While horizontal gene transfer can only explain reacquisition of these processes after the universal 10 ancestor, it cannot explain absence. Consistent with these observations, David and Alm (2011) 11 showed that the period of rapid genetic innovation that peaked about 3. The most feasible case of ancestral horizontal gene transfer of Type II reaction centers 35 supported by phylogenetic data might be between an ancestor of the Chloroflexi that predated the 36 radiation event that led to the divergence of the Anaerolineae and Chloroflexia classes (Klatt, et al. 37 2011) , and an ancestor of the Proteobacteria predating the radiation event that led to the Alpha-, Beta-, 1 and Gammaproteobacteria classes (Swingley, et al. 2009; Tank, et al. 2009 ). However, at this stage 2 there is not enough data available to directly infer the direction of the transfer. 3 4
Rates of evolution 5
If a strict molecular clock model were to be applied to the phylogeny of Type II reaction centers, the 6 root of the tree would be placed long before the formation of the planet. Given the fact that the rate of 7 evolution of D1 and D2 is restrained at comparatively slow rates from the Proterozoic until present 8 times, the period of fast evolutionary change has to be located at the earliest stages to account for the 9 evolution of photosynthesis within a reasonable timeframe. We found that even considering an age for 10 the root of Type II reaction centers by 3.8 Ga the maximum rate during the evolution of D1 and D2, 11 νmax, is many times greater than the measured rates in the Proterozoic. of D1 and D2 must have occurred in 180 Ma, which as we have seen is not supported by the rates of 25 evolution, as this would require the existence of an exceedingly fast evolving reaction center that, all 26 of a sudden, undergoes an extreme decline in the rate of amino acid changes. In this case, the rate of 27 evolution upon transfer would be more than 800 times larger than the measured rates of evolution in 28 the Proterozoic. On the other hand, in the even more unlikely case that the divergence of D1 and D2 29 occurred before the horizontal gene transfer, this would presuppose that D1 and D2 would have been 30 diverging for a long period of time in this unknown lineage of bacteria. What is more, it would also 31 presuppose that the capacity to oxidize water evolved before the horizontal gene transfer. In 32 conclusion, a careful inspection of the evolution of reaction center proteins and their rates of evolution 33 clearly indicates that the probability that an ancestral non-photosynthetic cyanobacterium obtained 34 photosynthesis via horizontal gene transfer is negligible. 35
Another finding of the molecular clock analysis is that the divergence of L and M seems to 36 occur after the divergence of D1 and D2. This is due to the slightly faster rates of evolution observed 37 It is rather remarkable that anoxygenic Type II reaction centers contain an asymmetrically 28 located carotenoid in contact with a core bacteriochlorophyll (Deisenhofer and Michel 1989) . The role 29 of this carotenoid is to quench bacteriochlorophyll triplet states in order to prevent the formation of 30 singlet oxygen (Cogdell, et al. 2000) . In addition, light-harvesting complexes in most anoxygenic 31 photosynthetic bacteria contain carotenoids and perform a similar photoprotective function (Melo, et 32 al. 2000; Kim, et al. 2007; Tsukatani, et al. 2012) . As an extension of this, it does not seem 33 unreasonable to think that even ancestral populations of anoxygenic phototrophic bacteria were under 34 strong selective pressure by the threat of chlorophyll triplet-induced formation of radical oxygen 35 species early during the evolutionary history of photosynthesis. 36
The phenomenon described here of an initial fast rate of evolution followed by an exponential 1 decrease demands an explanation. Two possible mechanisms may account for this observation. The 2 first one is the temperature dependent deamination of cytosine, as suggested by Lewis and coworkers 3 (2016) . They calculated that as the Earth cooled during its first 4 Ga, the rate of spontaneous mutation 4 would have fallen exponentially by a factor of more than 4000. That is to say that the rate of 5 spontaneous mutation during the earliest stages in the history of life would have been about three 6 orders of magnitude greater than those observed since the Proterozoic. Lewis and coworkers (2016) 7 calculated that 50% of all spontaneous mutations occurred in the first 0.2 Ga, which matches well 8 with the exponential decay trend seen in fig. 5A , especially if an origin of photosynthesis is 9 considered to be about 3.8 Ga. The second possibility is higher UV radiation on the planet's surface 10 during the early Earth in the absence of an ozone layer, which could have resulted in rates of DNA 11 damage up to three orders of magnitude greater than in present day Earth, as calculated by Cockell 12 (2000) ; this higher rate of damage may have led as well to faster rates of change. Alternatively, both 13 mechanisms could have contributed simultaneously. 14 15
Conclusion 16
This work demonstrates that the molecular evolution of photochemical reaction centers is consistent 17
with an early Archaean origin of photosynthesis as inferred from geochemical evidence. We show that 18 the origin of photosynthesis is likely to have been followed by a relatively rapid diversification 19 leading to the divergence of oxygenic and anoxygenic families of reaction center proteins in ancestral 20 populations of bacteria. In addition, our results support the premise that some form of water oxidation 21 is highly likely to have evolved before the divergence of D1 and D2; because the ancestral protein to 22 D1 and D2 branched out from the root of Type II reaction center proteins, it is plausible that 23 primordial forms of biological water oxidation contributed to the deposition of the Isua banded iron 24 formations (Rosing and Frei 2004; Frei, et al. 2016) and it is consistent with the persistent detection of 25 oxygen hundreds of millions of years prior to the GOE (Lyons, et al. 2014) . From the gene 26 duplication event that permitted the divergence of D1 and D2, a billion years could have passed 27 before the emergence of the standard form of D1 and the last common ancestor of crown group 28 Cyanobacteria. Our results also show that the last common ancestor of Cyanobacteria existed at a 29 relatively advanced stage in the evolution of oxygenic photosynthesis and yet it is likely that this 30 ancestor descended from a lineage with an ancestry that can be traced, without obvious discontinuity, 31
to the origin of the most primordial forms of photosynthesis. From this perspective, and taking into 32 consideration the extensive diversity of D1 proteins, it is plausible that transitional forms of oxygenic 33 photosynthesis existed with various degrees of complexity and efficiency at different stages following 34 the origin of water oxidation catalysis in the ancestral homodimeric photosystem (Cardona, et al. 35 2015) . 36 
37
Materials and Methods 1
Type II reaction center proteins covering the known diversity of phototrophic bacteria were selected 2 for this analysis. These include the L and M subunits from representatives of the phyla Proteobacteria, 3
Gemmatimonadetes, and Chloroflexi and D1 and D2 proteins specific to the phylum Cyanobacteria 4 and photosynthetic eukaryotes. A representative selection of D1 forms were obtained from Cardona, 5 et al. (2015) . These include the atypical D1 sequence found in the genome of Gloeobacter kilaueensis 6 (Group 0), the super-rogue D1 or chlorophyll f synthase (Group 1), the rogue D1 or sentinel D1 7 (Group 2), the microaerobic D1 (Group 3), and the dominant form of D1 with sequences from both 8
Cyanobacteria and photosynthetic eukaryotes (Group 4). In total 74 sequences were selected for the 9 analysis, 30 D1, 20 D2, 10 L, and 14 M. Sequence alignments were performed using Clustal Omega 10 employing ten combined guide trees and Hidden Markov Model iterations (Sievers, et al. 2011 ). The oldest calibration point, point 11, was selected to be the branching of the Group 4 D1 of 33
Gloeobacter violaceous and was set to be around the age for the GOE with a minimum of 2.45 Ga and 34 no maximum age (Calibration 1). In some cases, a calibration point 11 of 2.7 Ga was used for 35 comparison (Calibration 2). The calibration points on D1 were allocated on Group 4 as this type of D1 36 is the only one retained in all Cyanobacteria with PSII and it is the only type of D1 inherited by 37 photosynthetic eukaryotes. The analysis by indicated that the gene duplication 1 events that led to the atypical forms and the microaerobic forms of D1 are likely to predate the last 2 common ancestor of Cyanobacteria. Therefore, it is the dominant form of D1 (G4) that more closely 3 reproduced a species trees as the emergence of this type of D1 is roughly coincidental with the last 4 common ancestor of Cyanobacteria, as described in . The tree in fig. 4 was 5 calculated using a root prior of 3.5 ± 0.05 Ga as a likely age for the evolution of photosynthesis. The 6 evidence for photosynthesis in 3.5 Ga Archaean rocks has been reviewed extensively recently, see for 7 example Nisbet and Fowler (2014), Butterfield (2015) , or Knoll (2015) . Nevertheless, we tested the 8 effect of the root prior on the estimated divergence times as shown in table 1, by varying the root prior 9 substitution can vary independently. The flexible bounds were set to allow for 2.5% tail probability 18 falling outside each calibration boundary or 5% in the case of a single minimum boundary. All 19 molecular clocks were computed using four discrete categories for the gamma distribution and four 20 chains were run in parallel until convergence. 21
In this work we define the period of time between the duplication event that led to the 22 divergence of D1 and D2 and the appearance of the ancestral standard D1 as ΔT. This value is 23 calculated as the subtraction of the mean age of the latter node ( fig. 4 , green dot) from the former's 24 mean node age ( fig. 4, D0 , orange dot). The instant rates of evolution were retrieved from the output 25 files of Phylobayes, these rates are computed by the software as described before (Kishino, et al. 26 2001; Lepage, et al. 2007 ) and are expressed as amino acid changes per site per unit of time. The rate 27 at node D0 was termed ν max and a baseline rate of evolution during the Proterozoic was obtained as 28 the average of all node rates in Group 4 D1 and D2 and denoted νmin. All estimated divergence times 29 for each node of each tree used in this analysis are provided in the supplementary data files. for phenylalanine residues creating a hydrophobic patch. Such a site is not found in any other Type II 29 or Type I reaction center protein and it is unique to D2 . 
